Introduction
Elements U, Th, and K are much more abundant in granitoid rocks that form the significant part of the continental crust (Taylor and McLennan, 1985) and the natural terrestrial radioactivity is linked to the naturally occurring radium ( 226 Ra), actinium ( 232 Th), and potassium ( 40 K) isotopes. Granitoids contain natural 226 Ra, 232 Th, and 40 K unstable isotopes and radioactive elements can be incorporated into the continental crust by magmatic processes that involve partial melting and fractional crystallization. Latephase alteration occurring after granitoid emplacement also causes excessive enrichment and relative abundance of radioactive elements (Alharbi et al., 2011; El Feky et al., 2011) . Granitoids, which include abundant zircon, titanite, monazite, xenotime, apatite, and allanite minerals, are more enriched in U, Th, and K compared to upper crust and mantle reservoirs (Mason and Moore, 1982; Taylor and McLennan, 1985; Faure, 1986; Turcotte and Schubert, 2002; Örgün et al., 2007; Middlemost, 2013) . Potassium is the major constituent of K-feldspar and mica minerals and has only 40 K, a radioactive and known long-lived isotope. Enrichment of potassium appears to have been mainly controlled by syn-to postmagmatic processes during crystallization and alteration of potassium feldspar and biotite minerals (De Capitani et al., 2007) . High natural radioactivity levels in granitoids have been attributed to the U, Th, and K enrichment within accessory minerals of zircon, apatite, etc. and the major mineral phase formed by K-feldspar and biotite (Blundy and Wood, 2003) . Radiation measurements can be evaluated together with whole-rock geochemical data to investigate the possible correlation between major/trace elements and natural radioactivity values. Radioactivity of Ra, Th, and K isotopes of industrial granite should be evaluated with care as these elements elevate the natural radioactivity doses (Rogers and Ragland, 1961; Doventon and Prensky, 1992) . Variably composed granitoid rocks studied here may provide a database to evaluate the future potential for industrial use (Rizzo et al., 2001; Tzortzis et al., 2003; Ahmed, 2005; Pavlidou et al., 2006; Kovler, 2012) . As widespread occurrences of granitoids in western Turkey have high potential to be used as building material due to increasing demand for the natural stones, it is also necessary to define the negative effects of radiation in industrial granitoids for human health (Örgün et al., 2005 Osmanlıoğlu et al., 2006; Canbaz et al., 2010; Karadeniz et al., 2011; Çetin et al., 2012; Sayın, 2013; Karadeniz and Akal, 2014; Öztürk et al., 2015) . This study deals with the determination of natural radioactivity levels and geochemical analysis of distinct granitoid bodies in order to reveal the possible relationship between particular elements and natural background radioactivity levels and to assess the suitability of some granitoid rocks in western Turkey in terms of natural radiation.
Geological outline and petrography
Granitoids exposed in western Turkey have variable compositions from granite to tonalite and have the potential to be used as building materials. They occurred in different tectonic settings and time intervals since Pre-Cambrian to Miocene times (Delaloye and Bingöl, 2000) . In this study, granitoids in the Buldan, Karaburun, Alaçamdağ, Eğrigöz, Koyunoba, Salihli, and Turgutlu areas, which have been or are being studied geologically in some detail, have been sampled for geochemical analyses and natural activity measurements (Figure 1 ). Granitoid rocks in the Buldan area were entirely metamorphosed while other granitoid occurrences are unmetamorphosed with lacking or slight deformation. The Buldan area is underlain by metagranitoids of the Menderes Massif formed by augen gneisses, porphyritic granites, and tourmaline-bearing metagranites (Figure 1 ) . Augen gneisses are characterized by local occurrences of large, euhedral, and slightly deformed K-feldspar megacrysts. Porphyritic granites are mineralogically similar to those of the augen gneisses but display less amounts of deformation and foliation planes. Tourmaline-bearing metagranites are defined by abundant tourmaline nodules surrounded by quartz and feldspar crystals. All these granitoids include a significant amount of zircon crystals as an accessory phase. Granitoids in the Karaburun area occur as small stocks and their chemical composition ranges from tonalite and diorite to minor granodiorite (Erkül et al., 2008) . Apatite, titanite, and zircon are common accessory minerals in these plutons. Granitoids in the Alaçamdağ area are mainly granodiorite to minor granite in composition (Erkül, 2012; Erkül and Erkül, 2012) . They are commonly equigranular and locally porphyritic, and they include accessory phases of zircon and allanite. The geological outline together with radiological mapping of the Eğrigöz pluton has already been described by Öztürk et al. (2015) . Lithological and mineralogical characteristics of the Koyunoba and Eğrigöz granitoids are closely similar to those exposed in the Alaçamdağ area. They have typical granite and granodiorite mineral assemblages and include abundant zircon, apatite, and allanite as accessory phase, but the Koyunoba granite differs from the Alaçamdağ and Eğrigöz granites by the absence of hornblende crystals. Granitoids in the Salihli area consist of granodiorites with less tonalites. Although they are commonly equigranular, foliation planes locally occur on the structurally upper parts. Accessory minerals in the Salihli granitoids are made up of titanite, apatite, zircon, and tourmaline (Erkül et al., 2013) . Mineralogical composition of the Turgutlu granitoids closely resembles that of the Salihli granitoids, but minor hornblende crystals and common accessory minerals of allanite and zircon crystals are observed.
These granitoid bodies can be classified by their distinctive geological, mineralogical, and geochemical characteristics, which allow us to compare the natural radioactivity levels of intrusive plutons to other parameters. These parameters include age (geochronological constraints), mineralogical and geochemical composition, an abundance of rock-forming minerals and radioactive element-bearing accessory minerals, geographic location in western Turkey, and the degree of alteration and metamorphism (Table 1) .
Materials and methods
A total of 25 fresh granitoid samples of approximately 1-2 kg were collected from seven locations in western Turkey (Figure 1 ). Petrographic studies were carried out on thin sections to describe the mineralogical composition and alteration mineralogy of the granitoid samples using a Nikon Labophot under a light polarized microscope. Samples collected for geochemical analysis and radioactivity measurements were crushed and homogenized with the grinding machine in the Akdeniz University Department of Geological Engineering, Mineralogy-Petrography Laboratory, Turkey. Granitoid samples were analyzed for whole-rock major and trace element compositions at ACME Laboratories in Vancouver, Canada (Erkül et al., 2008 (Erkül et al., , 2013 Erkül and Erkül, 2012) (Table 2) .
Approximately 250 g of rock powders from each sample were filled in hermetically sealed cylindrical containers of 5 cm in diameter. Containers of 150 mL with ground samples were labeled, weighed, and stored for about 4 weeks in order to reach secular equilibrium between 226 Ra and 222 Rn prior to counting. Radiation measurements were completed in the gamma-ray spectroscopy laboratory in the Physics Department at Akdeniz University. An HPGe gamma-ray detector on a gamma-ray spectrometer [AMATEK-ORTEC (GEM40P4-83)] was used for radioactivity measurements. The resolution of the detector is 768-eV full width at half maximum (FWHM) at 122 keV for 57 Co and 1.85-keV FWHM at 1332 keV for 60 Co with a relative efficiency of 40%. Calibration standards and data acquisition procedures were the same as applied by Özmen et al. (2013) . The energy calibration of the spectrometer was performed using a mixed calibration source supplied by the Çekmece Nuclear Research and Training Center (IAEA 1364-43-2) emitting gamma rays in the energy range between 47 and 1836 keV for efficiency calibration with the same geometry as the samples. The source contained 11 radionuclides in 1. Co, and 137 Cs). All samples were placed to the front face of the detector and counted for 50,000 s. Background intensities were obtained with an empty container for 50,000 s under the same conditions before and after measurement of the samples. The average of the background counts was then subtracted from the sample spectrums. Then the efficiency vs. energy graphs were plotted and fitted to the equation of Gilmore (2008):
(1) where a, b, c, and d are the best-fit parameters determined by the fitting algorithm. Finally, the efficiency values used in the activity concentration calculation of the full energy peaks were calculated by using Eq. (1). Th. The gamma transition of 1461.0 keV was used to determine the concentration of 40 K. The activity concentration of the radionuclides in the analyzed samples was calculated by the following well-known equation:
where N is the net counts under the full energy peaks, ε is the detector efficiency of the specific energy, P is the probability of gamma decay, t is the counting live-time (s), and m is the mass of sample (kg). Minimum detectable activities (Gilmore, 2008) K radionuclides are given in Table 3 for 1 kg sample size and 50,000 s live counting time.
Results and discussion

Classification and whole-rock geochemical characteristics of granitoids
Whole-rock major and trace element chemical contents of granitoids in western Turkey are given in Table 1 . When the normative mineralogical composition of these granitoid samples is plotted on the QAP classification (Streckeisen, 1976) , they fall into the granite, granodiorite, and tonalite fields (Figure 2 ). The studied granitoids in western Turkey commonly have high-K, calc-alkaline, transitional metaluminous to peraluminous and I-type character, except for the Buldan metagranitoids with S-type and peraluminous affinity (Erkül et al., 2008 (Erkül et al., , 2013 Erkül, 2012 O of the Koyunoba granite range from 3.5 to 3.71 wt. % with an average of 3.68 wt. % and 4.50 to 4.65 wt. % with an average of 4.59 wt. %, respectively. These results are also comparable to those of the Alaçamdağ and Eğrigöz granitoids. Whole-rock geochemical data from the Salihli granitoids also display close similarities to the Alaçamdağ and Eğrigöz granitoids. However, it is noteworthy that the TiO 2 (>0.51 wt. %) contents of the Salihli granitoids are the highest among the studied granitoids. Turgutlu granitoids differ from the Salihli granitoids with their low Fe 2 O 3 , MgO, CaO, and TiO 2 , and slightly higher Na 2 O and K 2 O contents. Trace element contents of the studied granitoids are characterized by highest Rb, Th, and Y in the Buldan metagranitoids and highest Ba, Sr, U, and Zr in the Eğrigöz granites. The Karaburun granodiorites differ from other granitoids with their low Rb, Ba, Th, U, and Zr contents.
Gamma radioactivity concentrations of granitoids
Zr, Th, U, and Y are concentrated in the accessory minerals, i.e. zircon, apatite, monazite, and titanite (Pagel, 1982) . Th versus U diagrams indicate that U content of granitoid samples increases with increasing Th content (Figure 3a) . In the variation diagram of Th versus Th/U, Th remains constant with increasing Th/U ratio (Figure 3b ). The U versus Th/U diagram displays increasing Th/U ratio with decreasing U (Figure 3c ). These correlations indicate that the granitoid rocks have relatively minor variation in Th content while the U content of these rocks appears to be (Figures 3d-3f) , which is common in worldwide granitoids (cf. Rankama and Sahama, 1950) . Zr depletion with respect to SiO 2 within two samples of the Buldan granitoids is also noteworthy. This can be caused by relative enrichment of silica with respect to Zr (Figure 3d ). In Zr/U versus U and Zr/Th versus Th binary diagrams, Zr is depleted relative to U and Th contents (Figures 3e and 3f) . Because the U ion is about the same size as the Zr ion, U will substitute for Zr and crystallize in zircon (Collins, 1999) . Na 2 O, K 2 O, CaO, Rb, Ba, and Sr are major constituents or commonly occur within the alkali feldspars. Rb occurs as a minor trace element constituent in alkali feldspars and biotites. Rb has a typically increasing trend with K 2 O while Na 2 O decreases (Deer et al., 2001) . Rb is commonly included within the crystal structure of potassium feldspar and enriched in late-phase acidic granitoids. On the other hand, metasomatic and metamorphic processes may typically lead to the increase in SiO 2 and K 2 O together with Rb and cause relative depletion of radioactive elements within the accessory minerals. Ba occurs as a minor to major constituent in alkali feldspars. The element Sr that acts in a similar behavior with CaO is variable in concentrations. Therefore, some major and trace elements that may be linked to the concentration of natural radionuclides have been used in the variation diagrams (Attendorn and Bowen, 1994 Ra is relatively high in the granitoid samples, except for the Karaburun samples (Figure 4a ). (Figures 4i-4k) .
U and Th contents of the studied granitoid plutons range from 1.4 to 9.6 and from 6.5 to 31.8 ppm, respectively. When all results are compared, U and Th contents of the analyzed samples are strongly enriched relative to the average composition of the upper continental crust (average 2.7 ppm for U and 10.5 ppm for Th) (Rudnick and Gao, 2003) (Table 2 ). Radionuclide concentration of 226 Ra ranges between 15.6 ± 1.5 and 139.7 ± 11.7 Bq/kg while 228 Ac ranges between 12.0 ± 1.1 and 93.4 ± 9 Bq/kg ( Table  4 ). The significant feature of these samples is the fact that the radionuclide concentrations of (3) ). During calculation, secular equilibrium was assumed to exist between radionuclides and their progeny within each series. Absorbed dose rate in the air outdoors ranged between 27.05 and 143.68 nGy/h with a mean of 88 nGy/h (Table 5) . These values are within the range specified by the UNSCEAR (2000) report. Conversion factors of 0.7 Sv/Gy for adults, 0.8 Sv/Gy for children, and 0.9 Sv/Gy for infants and 0.2 as the outdoor occupancy factor were used in order to estimate the annual effective dose equivalent from the absorbed dose in the air (UNSCEAR, 2000) . The annual effective dose equivalent from outdoors in units of µSv/year (UNSCEAR, 1988 The gamma-ray radiation hazards arising from terrestrial radionuclides were evaluated by the indices as radium equivalent activity, external hazard index, and gamma (Krieger, 1981; UNSCEAR, 1982; Beretka and Mathew, 1985) . Ra eq was calculated with the following equation:
Ra eq = (AK × 0.077) + (AU) + (ATh × 1.43) kg and these values are lower than the recommended maximum value of 370 Bq/kg (OECD, 1979; Beretka and Mathew, 1985) . To limit the annual external gamma-ray dose (UNSCEAR, 1982) Table 5 . The results range from 0.15 to 0.83. Besides these, the gamma index (I ϒ ) proposed by the European Commission (1999) is defined in order to evaluate gamma-ray radiation originating from building materials. It is given in Eq. (Figure 5 ).
Conclusions
Some granitoids of western Turkey having diverse geological, mineralogical, and geochemical characteristics have been evaluated in terms of their natural radioactivity levels. Geochemical and natural radioactivity data from granite to dioritic rocks allow us to identify two end members. One is the Buldan metagranitoids, characterized by high SiO 2 , K 2 O, Rb, Th, and Y contents. Another is the Karaburun granodiorites, defined by low SiO 2 , K 2 O, Rb, Ba, Th, U, and Zr contents. Furthermore, the lowest 226 Ra, 228 Ac, and 40 K values occur in the Karaburun granitoids while the Buldan granitoids have the highest values, confirming that the silica-rich acidic granitoids contain higher natural radioactivity levels than silica-poor basic granitoids. Natural radioactivity levels of granitoids were considered to be closely associated with the abundance of radioactive elements in some accessory minerals. However, the correlation of mineralogical, geochemical, and radiological data points out that the high natural radioactivity levels of these granitoids appear to be closely associated with high SiO 2 , Na 2 O, K 2 O, Rb, and Ba contents, which may be a confirmation of a link to the latephase enrichment of radioactive elements during or after emplacement of granitoid plutons. safe for use as construction materials according to the dose criteria limits proposed by the OECD and the European Commission. Although radioactivity values are within safe limits, late-stage enrichment processes associated with metamorphism and hydrothermal alteration might have led to the enrichment of radioactive elements. Hence, granitoids that have undergone some alteration and incompatible element enrichment should be evaluated with caution in order to be used for industrial purposes.
